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Sunspots host a large variety of oscillatory phenomena, whose properties depend on the na-
ture of the wave modes and the magnetic and thermodynamic structure of the spot. Umbral
chromospheric oscillations exhibit significant differences compared to their photospheric
counterparts. They show an enhanced power and a shorter dominant period, from waves
with an amplitude of a few hundred meters per second in the five-minute band at the pho-
tosphere, to amplitudes of several kilometers per second in the three-minute band at the
chromosphere. Various models have been proposed to explain this behaviour1–3, including
the presence of a chromospheric resonance cavity between the photosphere and the transi-
tion region4–8. Jess et al.9 claimed the detection of observational evidence supporting this
model, obtained from the comparison of spectropolarimetric observations and numerical
simulations. Here, it is shown that the observational insight reported by Jess et al. is not a
common property of sunspots. More importantly, numerical modelling also shows that it is
not an unequivocal signature of an acoustic resonator.
Jess et al. analysed a temporal series of the chromospheric He I 10830 A˚ triplet, whose
formation height is around 2,100 km above the solar surface10. From the analysis of the umbral
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Doppler velocity, they found a power enhancement at 20 mHz. The presence of this prominent
peak is used as the sole indicator of a resonant cavity. Figure 1 illustrates the power spectra of
the umbral velocity measured from the He I 10830 A˚ triplet in five independent sunspot observa-
tions. These data were acquired with either the Tenerife Infrared Polarimeter at the Vacuum Tower
Telescope (TIP/VTT) or the GREGOR Infrared Spectrograph attached to the GREGOR telescope
(GRIS/GREGOR), both telescopes located at the Spanish Observatorio del Teide, Tenerife. They
have already been analysed in previous works2, 11, 12. All the umbral chromospheric power spec-
tra show a similar trend, with a peak at the three-minute band and a gentle power reduction for
higher frequencies. None of them exhibits the peak at 20 mHz reported by Jess et al. This result
is in agreement with previous chromospheric sunspot observations, which do not present any hint
of a power excess around 20 mHz13. This power enhancement is a specific feature found in a
single sunspot observation, rather than a standard property that could be potentially employed for
seismological analyses of solar active regions.
Regarding the modelling, previous works have not found any indication of high-frequency
power strengthening as a direct result of the presence of chromospheric resonances in the sunspot
atmosphere. Theoretical developments of the spectrum produced by waves partially trapped due to
the temperature gradients predict the presence of several peaks at specific frequencies. Their power
is reduced with frequency as a result of the rapid decrease with frequency of the incident wave
power from subphotospheric layers5. Several numerical simulations of chromospheric resonances
above sunspot umbrae also show no trace of a power increase at high frequencies6, 8. On the
contrary, the paper by Jess et al. identifies this power increase as a signature of the chromospheric
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Figure 1: Umbral chromospheric spectral energies of five observed time series. Each panel
shows the He I 10830 A˚ spectral energy of a different sunspot displayed on log-log axes. The pink
lines correspond to the spectra calculated from an individual point inside the umbra. The black
lines with crosses represent the average umbral spectral energy. The blue lines show the 99%
confidence interval. Panels a-c illustrate data acquired with TIP/VTT from sunspots NOAA 09173
(2000 Oct 1, a)2, NOAA 09443 (2001 May 9, b)2, and NOAA 10969 (2007 Aug 28, c)11. Panels
d and e show data obtained with GRIS/GREGOR from the sunspot NOAA 12662 on 2017 Jun 17
(d) and 2017 Jun 18 (e)12.
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resonance. This claim is based on the comparison of two simulations with and without an upper
temperature gradient. Since only the simulation with the transition region exhibits a power peak
at around 20 mHz, the presence of this power in their observations is taken as a proof of the
resonance.
A numerical simulation of wave propagation in an umbral atmospheric model without upper
temperature gradient has been performed. Similarly to Jess et al., it is driven by the photospheric
velocity extracted from observations of the Si I 10827 A˚ line in a sunspot umbra12. Figure 2a
illustrates the temperature stratification of the atmosphere. It corresponds to the model by Avrett
14, whose temperature at the temperature minimum has been slightly reduced. The red lines from
Fig. 2b,c show the spectral energy of the vertical velocity at the photosphere and the chromosphere,
respectively. The chromospheric spectrum exhibits a significant power enhancement at 22 mHz,
similar to that detected by Jess et al. in their observations. The photospheric spectrum shows that
this power excess is not present in the driver, but appears as a result of upward wave propagation
from the photosphere to the chromosphere, without requiring the action of a steep temperature
gradient at the transition region. This simulation proves that the presence in the chromospheric
spectra of a power peak at around 20 mHz cannot be interpreted as a signature of a chromospheric
resonance cavity.
Another simulation has been performed using the same background model and driver but
reducing the amplitude of the latter in order to maintain the simulations in the linear regime. The
power spectra of this numerical experiment are plotted in blue in Fig. 2b,c. During this simulation
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no shocks are formed, opposite to the previous case. The absence of the high-frequency power
excess in the chromospheric spectrum suggests that this feature is the outcome of non-linearities.
The power spectrum of this linear simulation is in qualitative agreement with the simulation with-
out transition region presented by Jess et al. However, discrepancies are found when waves with
realistic amplitudes (velocity oscillations up to 10 km/s at the chromosphere) are computed. This
lack of agreement can be due to the use of different background atmospheres and wave drivers, or
it could be related to differences in the numerical tools employed for the computations.
In the simulations without transition region, the frequency of the main chromospheric power
peak (around 5-8 mHz) is given by the power distribution of waves travelling from deeper layers
(introduced by the driver) and the stratification of the atmosphere. The temperature minimum is
especially relevant since it determines the maximum value of the cutoff frequency. Only waves
with frequency above the cutoff frequency can freely propagate to upper atmospheric layers and
become dominant at the chromosphere. As they develop into shocks, power enhancements are
expected to appear at certain frequencies, corresponding to the harmonics of the main oscillatory
frequencies15. The chromospheric high-frequency spectrum is then determined by an interplay
between those harmonics and the power from the high-frequency waves which directly propagate
from deeper layers. If a steep temperature gradient is present at the transition region, the power
at some specific frequencies is enhanced as a result of the resonances8 and, thus, the power of
their harmonics might stand out above the signal of the propagating high-frequency waves. The
chromospheric resonance can favour the appearance of those high-frequency peaks, but it is not a
mandatory requirement.
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Figure 2: Temperature stratification and spectral energies of numerical simulations of wave
propagation through an atmosphere without upper temperature gradient. Panel a shows the
temperature stratification of the umbral atmospheric model from Avrett14, which has been rescaled
to slightly reduce the temperature at the temperature minimum. Panels b and c illustrate the spectral
energy at the photosphere (b) and at the formation height of the He I 10830 A˚ line (c). In both
panels, the red lines correspond to a simulation where the driver of the waves exhibits realistic
amplitudes, whereas the simulation illustrated with the blue lines employed the same driver with a
reduced amplitude in order to keep the simulations in the linear regime.
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Jess et al.9 presented an extraordinary data set of wave propagation in sunspot umbrae. They
reported for the first time a striking chromospheric power enhancement at around 20 mHz. This
singular data set can potentially provide new insights about sunspot wave propagation, although it
cannot be employed as a reference to describe the general properties of sunspot oscillations due to
its uniqueness (see Fig. 1 for a sample of chromospheric power spectra). Therefore, their interpre-
tation of the power peak at around 20 mHz is too speculative. The numerical modelling developed
in this work proves that their evidence is not robust enough to claim it as a proof of resonances in
a chromospheric cavity since other processes can also generate that power excess. The transition
region is a well-established property of the solar atmosphere, and its steep temperature gradient
must certainly play a role in the observed chromospheric waves. More analyses are required to
understand its effects on sunspot oscillations.
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